Abstract. Pecan [Carya illinoinensis (Wangenheim) K. Koch] seedlings were inoculated with the arbuscular mycorrhizal (AM) fungus Rhizophagus irregularis to evaluate if these organisms establish a symbiotic association and if such an association exerts an influence on restricted water supply response by the plant. After fungal inoculation, plants were grown in a growth chamber. All plants were effectively mycorrhized, with an average infection of 32% for each root. Mycorrhizal colonization led to increased stem height in pecan plants. On restricted water supply, mycorrhizal pecan seedlings presented a higher number of lateral roots and more stem height and diameter than nonmycorrhizal ones. Besides, nonmycorrhizal plants showed an increase in proline content with regard to mycorrhizal ones. Depending on the results, pecan seedlings can be efficiently colonized with the mycorrhizal fungus R. irregularis, under controlled conditions proposed in this work, whereas the symbiotic association with the fungus mitigates restricted water supply.
Pecan (C. illinoinensis) is a highly valuable tree species due to several nutritional and medicinal properties of its kernels (Rajaram et al., 2001; Wu et al., 2004) . This species is native to North America and its natural distribution has spread to a wide area in the United States and Mexico. In addition, pecans are currently commercially cropped in other countries such as Brazil, Israel, Australia (Wakeling et al., 2001) , and Argentina (Madero, 2007) . Pecan trees have a high water requirement (Miyamoto, 1983) , as expected according to its origin at marshy regions. In Argentina, local and external investments led to a fast spread of pecan crops toward Argentinean regions, with variable soil water availability (Madero, 2007) . Under a restricted water condition, pecan plants endure drought stress, particularly during the seedling stage, when lower leaf assimilation rate, transpiration, and leaf conductance are observed, as compared with well-watered plants (Smith and Huslig, 1990) . Therefore, it becomes relevant to find methods for increasing drought-tolerance to improve pecan implantation in the field. Species within the Juglandaceae are thought to be ectomycorrhizal (Wang and Qiu, 2006) . Moreover, under field conditions, pecans do not grow normally without mycorrhizal associations (Hanna, 1987; Marx, 1971) . Roots in some Carya spp. may form ectomycorrhizal associations with fungi belonging to the divisions Basidiomycota and Ascomycota, such as species within the genus Astraeus, Gyrodon, Pisolithus, Russula, Scleroderma, Tuber, and Tylopilus (Bonito et al., 2011; Taber et al., 1982) .
Although the presence of AM colonization has been reported before in the root system of pecan trees, data on successful controlled inoculation are not available. Other species of the Juglandaceae are known to respond positively to AM fungi (Dolcet-Sanjuan et al., 1996) . This symbiosis was shown to decrease the unfavorable effects of drought on plant growth in Sorghum bicolor, Triticum aestivum, Trifolium repens, Zea mays, Glycine max, Medicago sativa (Aug e, 2001), and Olea europaea (Querejeta et al., 2003) . One of the mechanisms by which AM fungi improve the water status of plants is by increasing water uptake due to the extension of the root exploratory capacity in the soil by the hyphal network (Ruiz-Lozano et al., 2012) . On the other hand, pecan plants develop only a few lateral roots during early stages of growth and lack root hairs (Sparks, 2005) . Thus, it could be envisioned that root colonization of pecan seedlings with AM fungi might contribute to a better hydric balance in these plants. The objective of this research was to test the hypothesis that 1) pecan plants can be colonized by an AM fungus under controlled inoculation, establishing the symbiotic association, and 2) such an association benefits pecan seedlings growing under drought conditions. For this purpose, we used a highly infective R. irregularis isolate (former Glomus intraradices strain BAFC 3108, Kr€ uger et al., 2012) , which was previously shown to alleviate saline stress in Lotus tenuis (Echeverria et al., 2008 (Echeverria et al., , 2013 Sannazzaro et al., 2006) and Prosopis spp. (Scambato et al., 2010) .
Materials and Methods
Seeds of C. illinoinensis from seedling plants growing in the Instituto de Investigaciones Biotecnol ogicas-Instituto Tecnol ogico de Chascom us (IIB-INTECH) were stratified to induce germination, by covering them with vermiculite and storing in a chamber at 4°C for 6 weeks. At the end of stratification, seeds were hydrated in distilled water (48 h) and then sown. The R. irregularis strain BAFC 3108 (accession deposited in the Buenos Aires Fungal Collection, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Argentina) was used. The initial fungal inoculum of R. irregularis was multiplied in 4 L pot cultures with 0.5 perlite : 1 vermiculite (by volume), and Zea mays L. (cv. Prozea 30) was used as host for 1.5 months in controlled conditions at 32°C day/24°C night and 55% to 75% relative humidity (RH). Roots with at least 85% colonized by the AM fungus, mixed with rhizospheric soil were used as inoculum for pecan seedlings. Pecan seeds were sown in 100-mL pots containing a mixture of 1 perlite: 1 vermiculite: 2 fungal inoculum (by volume), and germinated in a growth chamber at 30°C and 70% RH. For the control treatment, this mixture (media + inoculum) was autoclaved (120°C, 1 h) twice with a time interval of 48 h. This treatment was performed to ensure that no AM fungus was present in the inoculum. The absence of mycorrhizal colonization in control pecan plants was checked by trypan blue staining and subsequent observation with an optical microscope. Thirty-day-old seedlings were then transplanted to 1.5-L pots (one plant per pot) containing 0.5 sterilized perlite : 0.5 vermiculite : 1 fungal inoculum (by volume). In the mycorrhizal control treatment, the sterilized fungal inoculum was incorporated into the pots in the same proportion. Plants were grown in a growth chamber (32°C day/24°C night, 55% to 75% RH and a light intensity of 225 mmol · m -2 · s -1 ) and irrigated by capillarity with half-strength modified Hewitt solution (Hewitt, 1966) .
Inoculated and noninoculated plants were grown for 2 months. Next, an aliquot of the root was taken with a core sampler (23 mm diameter and 110 mm length) from 26 plants of each treatment. Roots were washed with tap water to remove soil debris and then stained with trypan blue, as described by Phillips and Hayman (1970) , to evaluate the AM fungal colonization extent. Following this, half of the mycorrhizal and nonmycorrhizal plants were subjected to water stress, which involved interrupting irrigation for a period of 6 d to simulate a sudden water stress. Pots were weighted daily and the moisture loss was recorded. In nonmycorrhizal plants, the water loss registered was 18.2% w/w and 23.4% w/w in mycorrhizal plants at 6 d of water withholding. Plants were harvested after this period. There were four treatments: 1) without mycorrhiza and irrigated (M-I+), 2) without mycorrhiza and water stress (M-I-), 3) with mycorrhiza and irrigated (M+I+), and 4) with mycorrhiza and water stress (M+I-), with 13 plants per treatment. Roots were stained with trypan blue (Phillips and Hayman, 1970) . Root segments were cut into 20 mm sections and mounted on slides for observation under the optical microscope. Percentage of mycorrhizal colonization was calculated according to Echeverria et al. (2013) . Stem height, leaf length, and number of leaves were measured at three times: 60 d after sowing, 90 d after sowing (onset of stress), and after 6 d of water withholding, when plants were harvested. In addition, the stem diameter was measured in the four treatments, after the water stress period. Water consumption by plants was measured by weighing the pots before and after the water withholding period. The relative water content (RWC) was calculated 6 d after stress imposed on the base of fresh, turgid, and dry weights. For this purpose, pecan leaves were cut into discs of 2-cm diameter, which were weighed and submerged in distilled water for 24 h. Afterward, these leaf discs were retrieved carefully removing the excess of water with absorbent towel paper and then, these were weighed. Subsequently, the leaf discs were dried at 70°C until constant weight (dry weight). The RWC was expressed as [(fresh weight -dry weight)/(turgid weight -dry weight)] · 100. At harvest, roots were collected, washed with tap water, dried with towel paper, and weighed. Next, lateral branches were counted in each root. After this, roots were dried at 70°C until constant weight. Proline content was estimated spectrophotometrically by the ninhydrin reaction as described by Magn e and Larher (1992), with modifications. Leaves of harvested pecan seedlings were powdered with liquid N 2 in a mortar and pestle. The material (500 mg) was then boiled in 2 mL of distilled water. Then, 0.5 mL volume of the extract was added with 0.5 mL of sodium citrate buffer (0.2 mol/L; pH 4.6), and 2 mL of a 1% ninhydrin solution in acetic acid: water (60:40). The mixture was boiled for 1 h, cooled in ice, extracted with 2 mL toluene, and centrifuged. The organic phase was read at 520 nm. A standard curve using synthetic proline (Sigma, St. Louis, MO) was constructed. Data were subjected to statistical analysis of variance with Infostat software (Di Rienzo et al., 2011) and means were compared using the Duncan's multiple range test (P # 0.05). Pearson correlations were performed using the GraphPad 5.0 Prism software (P # 0.05).
Results
After 3 months of the culture being under the nonstress condition, root length colonization by the AM fungi in inoculated pecan plants, as shown in Fig. 1 , ranged from 25% to 50% (average 32%), according to the protocol of Dodd and Clapp (2001) , whereas none of the noninoculated plants were infected. However, only stem length at day 90 showed a significant increase in mycorrhizal plants, compared with noninoculated ones (data not shown). Neither were there differences in leaf parameters due to 6 d of water withholding. In contrast, on day 96, stem height and diameter were higher in mycorrhizal plants grown under water stress, as compared with the noninoculated (Table 1) , while no difference due to mycorrhizal colonization was found in irrigated plants. After 6 d of water stress treatment, mycorrhizal pecan seedlings consumed a higher amount of water than nonmycorrhizal plants. Data indicate a value of 0.4688 L/pot for M+I-and 0.3832 L/pot for M-I-. Neither mycorrhizal colonization nor water withholding significantly affected the leaf RWC. But, root dry weight showed a statistically significant difference (P # 0.05) in mycorrhizal plants in comparison with nonmycorrhizal ones under water withholding, while no difference was observed in irrigated plants. Under restricted water supply condition, plants colonized by the AM fungus showed a higher number of lateral roots than noninoculated ones (Table 1), while no difference was observed in irrigated treatments. Moreover, a trend toward a lower proline content was found in AM plants, compared with noninoculated ones, regardless of the water stress treatment. Proline content showed a value of 38.99 nmol/g FW and 10.81 nmol/g FW for M-Iand M+I-, respectively, and a statistically significant difference (P # 0.05), whereas M-I+ and M+I-showed a value of 29.44 nmol/g FW and 5.29 nmol/g FW, respectively (Table 1 ). Pearson's correlations for mycorrhization percentage and morphological parameter data on day 96 revealed a high and positive correlation between the stem length and stem diameter with mycorrhizal colonization percentage. Pearson r was 0.8314 for stem length and 0.5660 for stem diameter with an R 2 of 0.6913 (P < 0.0001) and 0.3203 (P < 0.039), respectively.
Discussion
Our results show a successful inoculation of pecan seedlings with an AM fungal strain, under controlled conditions. Several reports have demonstrated that the genus Carya may be infected by ectomycorrhizal fungi, these fungal symbionts being regularly employed in farming practices (Brundrett et al., 1990; Marx, 1971) . Although arbuscular mycorrhization of pecan roots was formerly observed in natural, semiarid environments (Taber et al., 1982) , attempts to achieve mycorrhizal colonization under controlled conditions have been so far unsuccessful by the same authors. We can highlight that infection of pecan seedling was achieved under a relatively high temperature (30°C), whereas pecan seedling inoculation performed in previous assays with a temperature of 19 to 25°C and with the same fungal strain, resulted in no root colonization by the AM fungus. Thus, it is possible that the infectivity of R. irregularis depends on the strains and plant conditions. The pecan root system consists predominantly of a taproot with weak lateral roots, mostly developing during the second year, devoid of root hairs (Sparks, 2005) . Therefore, the increase in the number of lateral roots by AM association in early developmental stages of the plant could help in improving its ability to withstand water deficit. Our results showed that the presence of AM fungal infection in pecan roots increased the number of lateral roots, particularly under water stress condition. Mycorrhizal colonization could increase the root absorption surface, as it was previously demonstrated for other plant hosts (Berta et al., 1995; Bolan, 1991) . Thus, a better developed radical system could have enhanced the soil exploration by mycorrhizal pecan plants, allowing improved nutrient and water uptake under water stress condition. The last hypothesis is consistent with our results, showing higher water absorption, stem height and diameter in waterstressed mycorrhizal plants, compared with the corresponding noninoculated ones. Under restricted water supply, plants respond by osmotic adjustment, increasing water uptake, and stomatal regulation (Duan et al., 1996) . On the other hand, proline commonly contributes to the osmotic adjustment of higher plants growing under drought and salinity (García-S anchez et al., 2007; Rhodes et al., 1999) . In this study, the proline content showed an increase in nonmycorrhizal, stressed plants in relation to mycorrhizal ones. No difference was observed in RWC between treatments. These results can be explained because the | BREEDING, CULTIVARS, ROOTSTOCKS, AND GERMPLASM RESOURCES plants were subjected to a short period of water stress. Nonmycorrhizal plants increased proline content, which contributed to osmotic adjustment. Mycorrhizal plants alleviated water stress by more efficient water consumption made possible by increased lateral root growth. As a result, no differences were observed in the RWCs of the two treatments. Similar results in RWC were obtained in Quercus ilex leaves at 7 d of water withholding (Echevarria-Zomeño et al., 2008) . In summary, these results suggest an alleviating effect of AM fungi on pecan plants under a restricted water supply. The latter can be supported by the result showing that the mycorrhization percentage positively correlated with stem length and diameter, indicating a direct and positive relationship between pecan root colonization and stem growth. Pecan seedlings can be efficiently colonized by the mycorrhizal fungus R. irregularis using the inoculation technique proposed in this work, which could be adapted for its use in pecan nurseries. In addition, the data obtained suggest that the symbiotic association with the AM fungus can reduce the effects of water stress in pecan seedlings. As far as we know, this is the first report of a successfully controlled inoculation of AM fungus in C. illinoinensis. 
